Granular calcined magnesites originating from Spain, China and Greece and magnesium hydroxide powder were evaluated in a series of balance experiments conducted with wether sheep (c. 42 kg liveweight) given a basal ration of dried grass at Glasgow University Veterinary School between 1989 and 1994. Four Spanish ' Agma ' products and three Spanish ' Navarras ' products contained less material (0-104 g\kg) 1000 µm diameter than four Chinese and four Greek materials 178-483 g\kg). The Spanish products had lower (18-45 g\kg) losses on ignition compared with the Chinese and Greek materials (53-112 g\kg). A fifth Greek product contained only 4 g\kg 1000 µm diameter. In three experiments comparing supplementation of the basal diet with 2n0 g Mg as either magnesium hydroxide or as one of the three separate purchases of the commercial calcined magnesite sources, the powdered magnesium hydroxide had the highest mean apparent availability coefficient (0n30) (faecal increase method). The corresponding values were 0n24 (Agma and Navarras), 0n20 (Chinese) and 0n15 (Greek) (pooled .. 0n014, .. 10). Powdered magnesium hydroxide also had the highest (0n18) mean availability coefficient (urinary increase method) compared with 0n12 (Agma), 0n13 (Navarras), 0n14 (Chinese), 0n10 (Greek) (pooled .. 0n005, .. 10). In two subsequent experiments, Agma had a superior apparent availability coefficient (0n26) (faecal method) than either the Chinese (0n14) or the Greek materials (0n19). A finer grade of Greek calcined magnesite (0n25) was equivalent to Agma. For the 12 calcined magnesites evaluated in the three main experiments, significant (P 0n05) correlations (r) were found between the magnesium availability coefficient (faecal method) and loss on ignition (k0n65) ; particle size proportions ( 250 µm, 0n59 ; and 1000 µm, k0n65) and tended towards significance for rumen solubility in 24 µm nylon bags in hayfed cows over two days (r l 0n54, P l 0n07) and rate of reaction with citric acid (0n57, P l 0n055). No correlations were found with magnesium availability coefficients (urinary increase method). This confirms the limitations of both in vitro predictions and in vivo (faecal) estimates of magnesium availability for different calcined magnesites. The mean magnesium availability coefficient (faeces) of the 17 calcined magnesites was 0n21 (.. 0n05). If this were to be confirmed by other observations, it would have implications for the amounts of dietary calcined magnesite required to meet recommended dietary magnesium allowances for ruminants.
INTRODUCTION
The Agricultural Research Council (ARC 1980) concluded that the mean coefficient of absorption of dietary magnesium was 0n294 (.. 0n135) but, to include a margin of safety, the lower decile value of 0n17 should be adopted to calculate dietary allowances for both cattle and sheep. MAFF et al. (1983) * To whom all correspondence should be addressed. Email : gvha02!vet.gla.ac.uk endorsed this value but with the comment that it could be generous as some supplementary sources of magnesium have availability in excess of 0n17. There is no comprehensive data in the variation in dietary availability of commercial calcined magnesites of diverse origins. Whilst particle size and temperature of calcination have been identified as important determinants of availability (Adam et al. 1996) , granular materials (c. 75-1000 µm diameter) are preferred for in-feed or for free-access use. Fine particle material ( c. 75 µm) is perceived to be less palatable and is a dust hazard in manufacturing plants. Calcination temperature (c. 900 mC) is difficult to control in a large calcining kiln. An example of a large-scale manufacturing process has been described (Adam et al. 1996) . It is difficult to produce an entirely consistent material.
It would be helpful if simpler methods other than balance trials could be undertaken to correlate with dietary availability of calcined magnesites. Adam et al. (1996) have demonstrated some correlations between losses of magnesium from different particle size fractions and different calcination temperatures of a calcined magnesite when incubated in nylon bags in the rumen of cows. This is in accord with the ARC (1980) conclusion that magnesium supplements ' should be given in a form readily soluble in rumen liquor '. Solubility in molar ammonium nitrate was correlated with increased urinary magnesium output but not with availability.
This communication describes the assessment of the apparent dietary availability of magnesium and the ability to increase urinary magnesium output in sheep resulting from supplementation with a range of purchased commercial calcined magnesites derived from magnesite rock in comparison with fine particle magnesium hydroxide as a standard source.
MATERIALS AND METHODS
The experiments were conducted at Glasgow University Veterinary School between 1989 and 1994.
Calcined magnesite and magnesium hydroxide sources
Granular calcined magnesites from the four principal sources used in Britain were investigated. These were : A, Spain (Magnesitas de Rubian SA, ' Agma ') ; B, Spain (Magnesitas Navarras SA, ' Navarras ') ; C, China ' Chinese ' ; D, Greece ' Greek '. Agma and Navarras each have a single magnesite rock quarry site and a single calcination kiln. The Chinese and Greek sources were more varied and frequently not individually identified. For Expts 1, 2 and 3, materials were purchased from feed compounders over a period of a few days on each of three occasions at approximately 6 monthly intervals. Subsequently, further quantities of Agma, Chinese and Greek materials were purchased for Expt 4. For Expt 5 a finer (but still granular) grade of Greek material (Greek 5) was investigated. The Greek materials used in Expts 3, 4 and 5 originated from Grecian Magnesite SA. All the materials were stored in air-tight containers. Total magnesium (Mg) and loss on ignition (LOI) at 950 mC were determined. Particle size distribution was assessed by separation with brass sieves (Endecott Ltd, London) into five fractions, 1000, 500-1000, 250-500, 125-250 and 125 µm diameter.
The magnesium hydroxide (Redlands Minerals, Magnesia Works, Hartlepool) was derived from sea water. The declared particle size range was 970 g\kg 20 µm of which 850 g\kg was 6 µm and 200 g\kg 1 µm diameter. It contained 404 g Mg\kg.
Magnesium balance trials
Each calcined magnesite was evaluated in experiments with wether sheep in metabolism cages. Expts 1, 2 and 3 were of the same design. The daily dietary supplements providing 2n0 g Mg were the appropriate amounts of Agma, Navarras, Chinese and Greek materials and the magnesium hydroxide powder. The sixth treatment in each experiment was the unsupplemented diet. Each of the three experiments took the form of two 6i6 Latin square designs involving 12 sheep with 14-day feeding periods. The first 7 days of each period was regarded as introductory and complete collections of urine and faeces were made during days 8-14. Further experimental details were as has been described elsewhere (Adam et al. 1996) . In Expts 1, 2 and 3, the mean liveweights of the sheep were 49 kg (.. 2n5), 35 kg (.. 1n7) and 40 kg (.. 2n4). The basal diets were 1n0 kg dried grass plus 0n2 kg crushed barley (Expt 1), 0n8 kg grass nuts plus 0n2 kg crushed barley (Expt 2) and 1n0 kg grass nuts plus 0n2 kg crushed barley (Expt 3). The total daily magnesium intakes were 1n95, 1n73 and 1n73 g respectively.
Experiment 4 involved assessments of Agma, Chinese and Greek calcined magnesites in daily amounts to provide 2n0 g supplementary Mg. The fourth treatment was the unsupplemented diet of 1n2 kg grass nuts containing 2n47 g Mg. The experimental design involved 12 wether sheep (mean, 40 kg liveweight, .. 1n9). There were three replicated blocks each of four sheep (one per treatment) conducted over two consecutive periods each of 14 days. The sheep were re-randomized after the first period so that each individual sheep received a different treatment in the second period. In total, six sheep received each treatment. Expt 5 involved the assessment of a finer (but still granular) grade of Greek calcined magnesite and a re-evaluation of the same Agma as was used in Expt 4. The third treatment was the unsupplemented ration of 1n4 kg grass nuts providing 3n32 g Mg. Each supplement added 2n0 g Mg\day to the ration. There were 18 sheep (mean liveweight 44 kg, .. 2n1) arranged in six randomized blocks each of three sheep for one 14-day period.
Rumen solubility
Nylon bags (14i12 cm) were constructed from material with 24 µm mesh size (Henry Simon Ltd, Stockport) and suspended by nylon cords to a depth of c. 50 cm in the rumen of hay-fed rumen-fistulated cows. Each bag contained 10 g of calcined magnesite and the incubation period was 48 h (Adam et al. 1996) . The 17 calcined magnesites were divided at random into two groups of either eight or nine materials. In period 1, each group of samples was placed in the rumen of each of two cows. In period 2, conducted during the following week when the cows received the same hay, the groups were interchanged between cows so that each calcined magnesite was evaluated in a total of four cows. Following removal of the bags, each was thoroughly washed in running water, allowed to drip-dry and then oven-dried at 80 mC. Approximately one-half of the residue was ground and the magnesium content determined.
Hydrochloric acid solubility of rumen-insoluble residues
To simulate the additional acidic digestion of the lower gastro-intestinal tract, approximately one-half of the rumen-insoluble fractions were extracted with 0n075  hydrochloric acid for 6 h (AOAC 1990). Magnesium was determined in the resulting solutions.
Citric acid reactivity
Ammerman et al. (1972) recorded that 0n98 of the magnesium in a feed-grade calcined magnesite (undisclosed origin) was soluble in a solution of 20 g citric acid\litre. The rate of reaction in a similar solution has been employed as a quality control test in the production of active magnesium oxides from magnesium hydroxide (Redlands Minerals). At room temperature, each of the calcined magnesites and the magnesium hydroxide (2n0 g quantities) used in Expts 1-5 was continually stirred in 100 ml 20 g citric acid\litre solution containing phenol phthalein. The time (in mins) for the solution to change from colourless to pink (citric acid reactivity, CAR) was recorded for each material.
Analytical methods
These were as previously described (Adam et al. 1996) .
Statistical methods
Latin square statistics were applied to the results of Expts 1, 2 and 3 and the procedures used for randomized block designs for Expts 4 and 5.
Correlation (r) was tested between both apparent magnesium availability (faeces) and apparent magnesium availability (urine) and loss on ignition, proportions of particle size fractions, rumen solubility and rate of reaction with citric acid solution.
RESULTS

Magnesium concentration and loss on ignition
There were no major differences in the mean magnesium concentrations of the different groups of calcined magnesite which were Agma 503, Navarras 523, Chinese 530 and Greek 502 g Mg\kg (Table 1) . The magnesium hydroxide contained 404 g Mg\kg. The mean LOI amounts for the products of Spanish origin were Agma 28 and Navarras 27 g\kg. The mean values were higher at 68 and 74 g\kg for the Chinese and Greek materials, respectively, which perhaps indicates incomplete calcination ( Table 1) . The dry matter contents of all materials exceeded 991 g\kg.
Particle size distribution
There were considerable variations in the particle size distribution both within and between the four types of calcined magnesites (Table 2 ). The three Navarras products were the least variable with no material 1000 µm diameter, only 1-64 g\kg 500 µm, the bulk (c. 700-900 g\kg) between 125 and 500 µm and with 58-176 g\kg 125 µm. The four Agma products (the same material was used in Expts 4 and 5) contained 76-151 g\kg 1000 µm and 132-343 g\kg 125 µm diameter. The Chinese and Greek materials were much coarser. Those used in Expts 1, 2 and 3 contained c. 350-450 g\kg 1000 µm including generally 50-150 g\kg 2000 µm diameter. All, except Greek 3, contained c. 60-160 g\kg 250 µm and sometimes as little as 3-16 g\kg 125 µm diameter. In contrast, the finer grade of Greek material used in Expt 5 contained negligible amounts 1000 µm and only 65 g\kg 125 µm diameter and with the bulk (768 g\kg) in the range 125-500 µm diameter.
Magnesium balance and apparent magnesium availability
Total magnesium intakes and the mean amounts of magnesium excreted in the faeces and urine and the amounts apparently retained (by difference) by the sheep when given the unsupplemented diets are given in Table 3 . Apparent availability coefficients of the supplementary magnesium sources has been expressed in two ways. ' Availability coefficient (faeces) ' is the proportion of the supplementary magnesium given which is not recovered in the faeces of the sheep. ' Availability coefficient (urine) ' is the proportion of the supplementary magnesium found in the urine of the sheep.
Availability coefficient ( faeces)
In Expts 1, 2 and 3, the available magnesium coefficient for magnesium hydroxide was consistently and significantly higher than for the Greek calcined magnesites and in Expts 2 and 3 than for the Navarras and Chinese products (Table 4) . In Expt 2, Agma and Navarras products were superior to Chinese calcined magnesite and in Expt 3 the Greek product was significantly less available than all the other sources. In Expt 4, the Agma calcined magnesite was more available than the Chinese material. In Expt 5, the higher availability (0n25) of the finer grade of Greek calcined magnesite was much higher than the range of availability coefficients (0n13-0n19) found for the Greek products used in Expts 1-4 and was not significantly different to the value for Agma (0n26).
Availability coefficient (urine)
The magnesium availability coefficient was very significantly higher for the magnesium hydroxide 
than for all the calcined magnesite sources in Expts 1, 2 and 3 with the exception of the value for the Agma product used in Expt 3 (Table 4 ). In Expts 1 and 2, the Greek products were significantly less available than those from both the Navarras and Chinese sources. In Expt 3, the Agma calcined magnesite was superior to all the other calcined magnesites. There were no significant differences in the availability of the products evaluated in Expts 4 and 5.
Rumen solubility
In Expt 1, the rumen solubility coefficient of magnesium in Agma (0n33) was significantly higher than for both Greek (0n16, P 0n001) and Chinese (0n24, P 0n05) calcined magnesites ( Table 5 ). The Navarras and Chinese materials were also more soluble (P 0n05) than the Greek product. In Expt 2, both Agma and Navarras calcined magnesites were significantly (P 0n05) more soluble than the Greek product. In Expt 3, Agma was significantly (P 0n01) more soluble than both the Chinese and Greek materials and the Navarras product was significantly (P 0n05) more soluble than the Chinese calcined magnesite. In Expt 4, Agma was more soluble than both the Chinese (P 0n01) and Greek (P 0n05) calcined magnesites. The solubility (0n32) of the magnesium in the finer grade of the Greek material in Expt 5 was markedly higher than the range of 0n15-0n21 found for the coarser grades used in Expts 1-4 and was comparable to that found for Agma. The rumen solubility found for Agma in Expt 5 (0n30) agreed well with the value of 0n33 found for the same sample of material used in Expt 4.
Solubility in the rumen followed by hydrochloric acid extraction
The combined solubility coefficients of all the calcined magnesites increased to 0n69-0n84 (Table 5 ). There were no significant differences between the calcined magnesite sources used in any of the experiments. The mean values for the Agma (0n76) and for the Navarras (0n72) materials tended to be lower than those for the Chinese (0n80) and Greek (0n79) products.
Rate of reaction with citric acid
The overall mean rate of reaction was much more rapid for both the Chinese (12 min) and Greek (23 min) calcined magnesites used in Expts 1-4 than was that for Agma (64 min, Expts 1-4) and Navarras (73 min, Expts 1-3) ( Table 6 ). The rate of reaction for the finer grade of Greek material used in Expt 5 was 50 min and was much more similar to both Agma and Navarras products. Magnesium hydroxide reacted in 9 min.
DISCUSSION
When the results of the similarly conducted Expts 1-3 including magnesium hydroxide (Table 4) were combined, all the supplements significantly (P 0n001) increased urinary magnesium output. The mean availability coefficient (urine) for magnesium hydroxide (0n18) was significantly greater than that for Greek (0n10, P 0n001), Navarras (0n13, P 0n01), and for Agma and Chinese (0n14, P 0n05) (pooled .. 0n005). The Greek materials were also significantly less available (P 0n05) than the Agma and Chinese calcined magnesites. Similarly, for Expts 1-3 the overall mean apparent magnesium availability coefficient (faeces) for magnesium hydroxide (0n30) was significantly higher (P 0n01) than that for Agma (0n24) and Navarras (0n24) and than that for Chinese (0n20) and Greek (0n15) calcined magnesites (P 0n001) (pooled .. 0n014). The mean availability (faeces) of both the Agma and the Navarras products was significantly higher than for the Greek (P 0n001) and the Chinese (P 0n05) materials. The Chinese materials provided more available magnesium than the Greek products. Davenport et al. (1990) found that magnesium hydroxide and a powdered magnesium oxide equally increased urinary magnesium output in 280 kg liveweight cattle given a low magnesium diet.
To ensure complete solubility prior to analysis, all calcined magnesites and faeces samples were digested in nitric, sulphuric and perchloric acids. Whilst the larger particle size fractions may have had a slower rate of passage through the rumen, their inherent inertness was such that they were not fully soluble in either the rumen or in the acidic abomasum. Additional observations showed that many of the particles 1000 µm diameter could be seen still intact in the faeces of the sheep and thus contribute to reduced magnesium availability (faeces) and cannot increase magnesium availability (urine). The results of the present experiments reinforce the findings of Adam et al. (1996) that coarse particle size of calcined magnesite was an important determinant of reduced magnesium availability (faeces), but some significant responses in urinary magnesium output were found. The higher proportions of the smaller particle size fractions in both Agma and Navarras products (Table  2 ) resulted in higher magnesium availability coefficients for both faeces and urine (Table 4) than for the coarser grade Chinese and Greek materials. However, in Expt 5 where a Greek product with less material between 500-1000 µm and with only a negligible amount 1000 µm diameter was compared with Agma (Table 2) , both the availability coefficients (faeces and urine) (Table 4) , the rumen solubility (Table 5 ) and the citric acid reactivity (Table 6) were more comparable than for the coarser grades of Greek products used in Expts 1-4.
Expts 1-3 were each conducted with basal diets of similar composition (dried grass and barley). The results for these 12 calcined magnesites have been considered together to determine if any overall significant correlations were present between magnesium availability (urine) and magnesium availability (faeces) and any of the in vitro and rumen solubility estimates. Significant correlations were established between magnesium availability (faeces) and LOI (Table 1 ; r lk0n62, P l 0n033), the proportion of material 250 µm diameter (Table 2 ; r l 0n59, P l 0n042), the proportion of material 1000 µm diameter (Table 1 ; r lk0n65, P l 0n023) and tended towards significance for rumen solubility (Table 5 ; r l 0n54, P l 0n069) and CAR (Table 6 ; r l 0n57, P l 0n055). In contrast, there was no significant correlation between the magnesium availability (urine) for the 12 calcined magnesites evaluated in Expts 1-3 for any of these parameters or between availability (urine) and availability (faeces). To be reliable, an in vitro test must be highly correlated with both magnesium availability (urine) and magnesium availability (faeces).
The absence of significant correlations for the combined Expts 1-3 between magnesium availability (urine) and any of the particle size fractions, rumen solubility or citric acid reactivity is unexpected. Earlier, Jesse et al. (1981) found that finely ground calcined magnesite prills increased urinary magnesium output of cattle more than whole prills and van Ravenswaay et al. (1989 Ravenswaay et al. ( , 1992 considered that urinary magnesium output was a good indicator of the bioavailability of magnesium oxides. Both, however, used prilled materials derived from sea water or brines which have fewer impurities and different surface characteristics to the calcined magnesites obtained from degradation of magnesite rocks used in the present experiments. Van Ravenswaay (1989) recorded that in their comparisons of different supplementary magnesium sources, the calcined magnesite with the highest proportion of impurities (82n9 g MgO\kg relative to 96n8, 98n2 and 98n2 g MgO\kg) resulted in a larger increase in urinary magnesium excretion and a lower faecal magnesium output.
The negative correlation between magnesium availability (faeces) and loss on ignition suggests the presence of uncalcined magnesite in some of the materials, particularly those of Chinese or Greek origin (Table 1) . Adam et al. (1996) have reported that low calcination temperatures reduced magnesium availability of an Agma product. Supplementary dolomitic limestone is significantly less well absorbed and results in less urinary magnesium excretion than that from magnesium oxide in sheep (Rahnema & Fontenot 1983) . The cumulative proportions of material 250 µm diameter were rather better correlated with magnesium availability than those proportions 125 µm, but the amounts greater than either 500 or 1000 µm were equally negatively correlated with magnesium availability (faeces).
Rumen solubility over 2 days was well correlated with magnesium availability (faeces) because coarse products were generally of low solubility in sacco. It is emphasised that all the determinations of the 12 calcined magnesites were conducted simultaneously in the same cows. Adam et al. (1996) have emphasised that the potential value of a nylon bag test depends on the establishment of standardized conditions. Isolated estimates, unless conducted against a standard material, could be of less value. The positive correlation between magnesium availability (faeces) and rate of reaction with citric acid (r l 0n57) tended towards significance (P l 0n069) and suggests that the coarser Chinese and Greek products had smaller amounts of less soluble material. The finer grade Greek material used in Expt 5 had a longer reaction time (50 min, Table 6 ) than the coarser Greek products and was closer to the Agma and Navarras calcined magnesites (range, 48-91 min). There were additional very significant correlations between citric acid reaction time and the proportion of calcined magnesites 250 µm (r l 0n79, P l 0n002) and 500 µm diameter (r lk0n84, P 0n001) indicating that particle size is confounded with chemical composition, both of which determine the rate of reaction with citric acid. The reaction time for magnesium hydroxide was only 9 min.
The overall mean magnesium availability coefficient (faeces) for the 17 calcined magnesites examined was 0n21 (.. 0n05). Whilst this exceeds the value of 0n17 in feeds used by ARC (1980) to assess appropriate dietary magnesium allowances, it reinforces the view of MAFF et al. (1983) that these allowances may be over-generous if dietary supplements have 0n17 availability and when they constitute a large proportion of the total magnesium intake. The large coefficient of variation (24 %) found for magnesium availability (faeces) in these experiments conducted under particular standard conditions suggests that calcined magnesites of the highest availability should be chosen where individual intake may be both limited and uncertain in group-feeding or free-access conditions. If the economic situation allows, consideration should be given to the use of magnesium hydroxide as a supplement. 
